Experimental Demonstration of Decoherence-Free One-Way Information
  Transfer by Prevedel, R. et al.
ar
X
iv
:0
70
8.
09
60
v2
  [
qu
an
t-p
h]
  2
0 D
ec
 20
07
Experimental Demonstration of Decoherence-Free One-Way Information Transfer
R. Prevedel1, M. S. Tame2, A. Stefanov1,3, M. Paternostro2, M. S. Kim2, and A. Zeilinger1,3
1Faculty of Physics, University of Vienna, Boltzmanngasse 5, A-1090 Vienna, Austria
2School of Mathematics and Physics, The Queen’s University, Belfast, BT7 1NN, UK
3Institute for Quantum Optics and Quantum Information (IQOQI),
Austrian Academy of Sciences, Boltzmanngasse 3, A-1090 Vienna, Austria
(Dated: November 14, 2018)
We report the experimental demonstration of a one-way quantum protocol reliably operating in the
presence of decoherence. Information is protected by designing an appropriate decoherence-free sub-
space for a cluster state resource. We demonstrate our scheme in an all-optical setup, encoding the
information into the polarization states of four photons. A measurement-based one-way information-
transfer protocol is performed with the photons exposed to severe symmetric phase-damping noise.
Remarkable protection of information is accomplished, delivering nearly ideal outcomes.
PACS numbers: 03.67.-a, 03.67.Mn, 42.50.Dv, 03.67.Lx
Decoherence, the ubiquitous loss of information en-
coded in a quantum system due to its uncontrollable
interaction with an environment, is one of the main ob-
stacles in the grounding of quantum technology for mas-
sively parallel information processing. The design and
testing of fault-tolerant protocols counteracting the ef-
fects of decoherence is thus necessary for the achieve-
ment of reliable quantum information processing (QIP).
In a coarse-grained but yet effective picture, there are
two distinguished strategies to overcome this problem.
The first is quantum error correction (QEC) and deals
with the correction of errors by means of proper code-
words [1]. The second approach, decoherence-free sub-
space’s (DFS’s), prevents or reduces the effects of a dom-
inant decoherence mechanism [2] by using symmetries in
the system-environment coupling. This involves search-
ing for a region of the Hilbert space that is inaccessible
to the particular environment of a given physical sys-
tem, thus allowing information to be encoded and pro-
tected. It is known that DFS’s can be concatenated with
QEC [3], the quantum Zeno effect [4] and dynamical de-
coupling [5]. Experimentally, DFS’s have been tested in
linear optics [6, 7] as well as other systems [8, 9]. Here,
different to these earlier studies, we successfully demon-
strate the first use of a DFS for achieving one-way QIP
in a system subject to phase-damping (PD) decoherence.
The one-way model for quantum computation (QC)
has recently received much attention in virtue of many
appealing features [10, 11]. Theoretical and experimen-
tal efforts have culminated in the generation of photonic
cluster states [12, 13, 14, 15, 16], the demonstration of
the basic aspects of the model [12], simple quantum al-
gorithms [14, 15, 16, 17], the design of techniques for the
growth of large clusters [18] and the experimental cor-
rection of the inherent randomness in the measurement
outcomes [14]. Although a threshold for fault-tolerance
has been estimated [19], there has so far been no experi-
mental demonstration of noise-resilient one-wayQC. This
is an important step toward the upgrading of the model
as a viable route for scalable QIP. Here, we perform such
a step by demonstrating the encoding of a photonic re-
source into a DFS cluster state of two qubits (two-level
systems) and carrying out a basic protocol on it. This is
significantly different to any previous demonstration of
DFS’s [6, 7, 8, 9]; Our experiment highlights the benefit
of using DFS’s for one-way QIP. The novel strategy we
use is shown to be effective for manipulating quantum in-
formation in the presence of noise; the cluster is shielded
from the action of symmetric PD decoherence mecha-
nisms [1]. The model complements the use of QEC in a
one-way scenario [19]. In our experiment we have demon-
strated a DFS encoded version of the key operation in
one-way QIP: genuine teleportation in the form of a one-
way information transfer protocol [10]. We demonstrate
processed outcomes strikingly close to the ideal situation
even when severe noise is present. Linear optics is at the
forefront of experimental one-way QIP and represents an
ideal testbed for our setup-independent model [20]. Our
results suggest that noise-resilient, large-scale quantum
devices based on the one-way model are a realistic possi-
bility.
Model.- For a standard cluster state, there are two
types of single qubit measurements that enable a one-
way quantum computer to operate [10]. First, by mea-
suring the state of qubit j in the computational basis
{|0〉j , |1〉j}, we disentangle it and shape the resource,
leaving a smaller cluster. Second, in order to perform
QIP, qubits must be measured in the basis Bj(α) =
{|α±〉j = 1√2 (|0〉 ± eiα|1〉)j} (α ∈ R). This applies
a single-qubit rotation Rz(α) = e
− i
2
ασz , followed by a
Hadamard operation H to a logical qubit residing on site
j in the cluster (σx,y,z are the Pauli matrices). With
proper choices for the Bj(α)’s, any quantum gate can
be performed on a large enough cluster state. The struc-
ture and operation of a DFS cluster state are significantly
different from the standard one: Each physical qubit j
initially prepared in |±〉 = |(α = 0)±〉 in the standard
model is replaced by a qubit-pair initially prepared in
2FIG. 1: In (a) ((b)) we show a DFS (standard) two-qubit
cluster state. Effective qubits are represented by two physical
qubits. (c) ((d)): Tomographic plots of the real parts of the
experimental density matrices for four-qubit DFS (two-qubit
standard) cluster state (imaginary parts on average < 0.05).
|ψ−〉j′ = 1√2 (|01〉 − |10〉)jajb . The encoding |0E〉 → |01〉
and |1E〉 → −|10〉 is used in order to pair two physical
qubits into an effective one j′. Next, instead of the stan-
dard controlled-phase gates applied to nearest-neighbor
qubits for cluster state creation, now only qubits ja of
nearest-neighbor |ψ−〉j′ pairs are involved (see Fig. 1 (a)
for two effective qubits 1′ and 2′). The resulting entan-
gled resource has an effective structure exactly the same
as a cluster state [20]. Thus, one can use it for one-way
QC, with the added benefit that it provides DFS protec-
tion from PD decoherence (described below). To perform
DFS one-way processing, two single-qubit measurements
are made on a pair for every corresponding qubit in the
standard model that they replace (two-qubit entangled
measurements can also be used [20]). Measuring qubit jb
in Bjb(0) removes the redundancy of the encoding [18],
qubit ja is then measured in Bja(α) as usual (for the final
read-out of a computation, qubit ja will be measured in
the computational basis). No decoding techniques are re-
quired, except for feedforward operations, as in the stan-
dard case [10, 20]. Our use of {|0E〉 , |1E〉} is known as
dual-rail encoding [2], enabling states within this sub-
space to be robust to various symmetrical multi-qubit
randomized rotations [21]. The initial states |ψ−〉j′ used
in the construction of a DFS cluster are complete DFS’s
in this respect. However, the entangling operations that
put them into an effective cluster state limit their protec-
tion to strictly multiqubit PD noise [20], i.e. they allow
a particular DFS encoding with respect to PD decoher-
ence [2], which is a relevant source of decoherence in var-
ious quantum systems [8, 22]. PD noise can be described
as random phase shifts |k〉 → eiφk |k〉 on the state of a
physical qubit. If φk is the same for every induced phase
shift on two physical qubits encoding an effective one (i.e.
the environment is symmetric), as the basis {|0E〉 , |1E〉}
is invariant, so is the cluster state built out of it. Each
pair of qubits (ja, jb) in a DFS cluster can even tolerate
different symmetric PD noise (see Fig. 1 (a)). Although
our scheme is independent of the specific setting [20] and
is effective in any setup affected by symmetric PD noise,
to demonstrate in a clear-cut way its performance under
this noise, we use an all-optical setup.
Experimental implementation.- We have used the
scheme in Fig. 1 to demonstrate DFS quantum infor-
mation transfer. A logical qubit |Qin〉 = µ|0〉 + ν|1〉
(with |µ|2 + |ν|2 = 1) is encoded on effective qubit 1′
embodied by qubits ja = 1a and jb = 1b. After the en-
tangled resource is prepared, we obtain the DFS state
|ΦDFS〉 = µ|0E ,+E〉1′2′ + ν|1E,−E〉1′2′ . Information is
transferred across |ΦDFS〉 by measuring the state of the
qubits in B1a(α) and B1b(0), where α determines the op-
eration HRz(α) on |Qin〉. This can be compared to the
case of a standard cluster (see Fig. 1 (b) with B1(α)). To
test the DFS protection, PD is applied to the photonic
qubits during information transfer in both the standard
and DFS cases. For the latter (former), we consider sym-
metric noise on pairs 1′ = (1a, 1b) and 2′ = (2a, 2b) (1
and 2). We use the formalism of Kraus operators, use-
ful in assessing noisy quantum systems [1]. In this con-
text, a channel (i.e. a trace-preserving completely posi-
tive map) ε transforms a state ρ into ε(ρ) =
∑
i Kˆi ρ Kˆ
†
i
with the Kraus operators Kˆi such that
∑
i Kˆ
†
i Kˆi = 1 .
For single-qubit PD, the non-zero Kraus operators are
Kˆi =
√
[1− (−1)ie−Γt]/2σi−1z (i = 1, 2) with Γ the
strength of the system-environment coupling and t the
interaction time. In our experiment, we simulate the
case of Γt→∞ (so that Kˆ1 = 1 , Kˆ2 = σz) correspond-
ing to a full destruction of coherences in a single-qubit
state [23]. In this limit, the noise experienced by each
(a, b) pair is the same (but still independent). The noise
can be different in general, making our DFS encoding
suitable for other setups such as optical lattices and ion
traps [20]. By means of quantum process tomography
(QPT) [20, 24] we experimentally determine the logical
transfer channels εL(ρin) (with ρin = |Qin〉〈Qin|) while
the physical qubits are exposed to noise. With this ap-
paratus, the reconstruction of the effect of εL on the set
of logical input states (probe states) {|0〉, |1〉, |+〉, |L〉} is
enough for a full characterization of the physical process
encompassed by the logical channel [24]. Thus, we have
implemented the DFS protocol by encoding the probe
states onto photons 1a and 1b of the four-photon DFS
cluster. Although arbitrary logical inputs are not possi-
ble in our setup, through tailored measurement patterns
(as described below) it is possible to encode all probe
states. We remark that in principle, arbitrary encoding
is not necessary for sufficiently large clusters [10]. To
perform the information transfer protocol, we create a
linear cluster state |Φlin〉 by using the setup illustrated
in Fig. 2 (a). This technique is a standard tool for the
3FIG. 2: (a): The generation stage. (b): The protection, noise and processing stages. A UV femto-second laser pulse with 1 W
of cw-power pumps a non-linear crystal (BBO) in a double-pass configuration. Compensation of walk-off effects in the crystal
leads to the emission of Bell states (
˛
˛Φ−
¸
and
˛
˛Φ+
¸
in the forward and backward direction, respectively). Combination of these
states on polarizing beam-splitters (PBS) and postselection yields a cluster state with a rate of ∼ 1 Hz in output modes 1a, b
and 2a, b. This is rotated into a DFS cluster by σxσz operations on modes 1b and 2b using HWP’s. Probe state |L〉 is encoded
with an additional QWP in mode 1a. PD noise is implemented by inserting HWPs at 0◦ (σz operation) between the protection
and processing stages. Polarization measurements in arbitrary bases are performed with PBS’s, HWP’s and QWP’s.
generation of four-photon clusters [12, 14, 15] and en-
sures that photon loss and detector inefficiency do not
affect the experimental results. |Φlin〉 is rotated into
the DFS cluster |ΦDFS〉 = 12 (|0101〉 − |0110〉 − |1001〉 −
|1010〉)1a1b2a2b by applying σxσz to qubits 1b and 2b,
where |0〉 (|1〉) is embodied by the horizontal (vertical)
polarization of a photon. By means of over-complete
state tomography [25], we reconstruct the density ma-
trix of the DFS cluster. We use 1296 measurements
(each taking 350 sec) and a maximum-likelihood (ML)
function on all combinations of polarization-projections
on the qubits, i.e. {|0/1〉; |±〉; |L/R〉}, where |±〉 de-
note ±45◦ polarization and |L/R〉 is for left/right cir-
cular polarization. The experimental state ρexp has
fidelity FDFS = 〈ΦDFS |ρDFSexp |ΦDFS〉 = 0.70 ± 0.01
(FC = 〈ΦC |ρCexp|ΦC〉 = 0.74 ± 0.02 with |ΦC〉 =
(1/
√
2)(|0,+〉+ |1,−〉)12) with the ideal DFS (standard)
cluster state [26]. The state ρCexp is obtained by project-
ing photons 1b and 2a from ρlinexp onto |+〉. Tomographic
plots of the DFS and standard resources are in Figs. 1 (c)
and (d). For the DFS cluster, by measuring photon 1b
in |1〉, we encode the probe state |0〉 on effective qubit 1′.
Then measuring photon 1a in |+〉 we transfer the logical
state across the cluster to 2′ (embodied by 2a, b). Anal-
ogously the other probe states are encoded and trans-
ferred by the measurement patterns B1a(0), |0〉1b for |1〉,
B1a(0), B1b(0) for |+〉 and B1a(0)Rz(pi2 ), B1b(0) for |L〉
(Rz(
pi
2
) is realized with a quarter-wave plate (QWP) at
0◦ placed in mode 1a). For each of these input states, we
perform two-qubit state tomography of the output qubits
2a and 2b. We repeat this in the presence of PD noise by
properly applying half-wave plates (HWP’s) at 0◦ (real-
izing Kˆ2 = σz) to the photons. As the occurrence-ratio
in time of Kˆi’s is dictated by the state given in [23] and
shown in the box of Fig. 2 (b), we apply the HWP com-
binations in sequence, each for 1/4 of the duration of the
tomography process. Such a realization of full symmet-
ric PD noise complements simpler phase-flip mechanisms
used in previous characterisations of photonic DFS’s [6].
From the data for the probe states (1728 measurements)
and QPT, we reconstruct the logical Kraus operators
(KˆL,i’s) of the channel εL [20]. The effect on a logical
input state can be visualised using the correspondence
between single-qubit density matrices and Bloch vectors.
Taking many instances of |Qin〉 (each for a value of µ) and
representing their output states from the reconstructed
channel in a three-dimensional space, we depict the de-
formation of the single-qubit Bloch sphere induced by the
experimental logical transfer channel. Fig. 3 (a) shows
the results for a DFS channel with and without noise.
The information-protection is striking: the Bloch sphere
for the noise-affected DFS state is almost identical to the
no-noise case. The state fidelity averaged over µ, quanti-
fying the closeness of the experimental channels, is found
to be 0.991± 0.003.
The benefit of the DFS-protocol must be evaluated
with respect to the standard case. We have run an ex-
periment where a two-qubit cluster state is used for the
same protocol. As before, the input state is transferred
across the cluster with and without PD applied. The cho-
sen measurements are B1a(0), |0〉1b , |+〉2a for the probe
state |0〉, B1a(0), |1〉1b, |+〉2a for |1〉, B1a(0), |+〉1b, |+〉2a
for |+〉 and B1a(0), |+〉1b, |+〉2a for |L〉 with an extra
QWP, as in the DFS case. The output states are analyzed
using single-qubit state tomography while the channels
4FIG. 3: (a) ((b)): Experimental Bloch spheres for the
channel using a DFS (standard) cluster state for outcomes
|+,+〉
1a1b
(|+〉
1
). Underneath, we show the corresponding
configuration for the protocol. The outer (inner) sphere shows
the noise-free (noise-affected) case. The quantum process fi-
delity between the noise-free and noise-affected DFS (stan-
dard) protocol is 0.95± 0.02 (0.53± 0.02, consistent with the
value for a maximally mixed output state of a noise-affected
standard resource) [20, 24, 25, 26]. The shape of the inner
spheroid in (a) is due to small coherences in the reconstructed
density matrix stemming from noise affecting the encoding of
|L〉. The orientation of the poles of the Bloch sphere corre-
sponding to the |0〉 logical input state, shown by an arrow
in (a) ((b)), agrees with the expected σxH (H) operation
applied during the protocol. The dots represent states corre-
sponding to the action of the channel.
with/without noise are constructed using QPT. Fig. 3
(b) shows the resulting deformation of the Bloch sphere.
Clearly the standard noise-free channel is very close to
the analogous DFS case. However, if the information is
not shielded in the DFS, the effects of the environment
are severe. The output states in the presence of noise
suffer strong decoherence: The Bloch sphere is shrunk
and coherences are almost completely lost. The output
density matrix has average fidelity of 0.994± 0.002 with
1 /2 (resulting from a full PD process). The information
in the standard resource has been greatly deteriorated.
Remarks.- We have demonstrated a novel strategy to
protect a one-way quantum protocol from symmetric PD
noise. The effectiveness of the model has been veri-
fied in a proof-of-principle linear-optics experiment which
has revealed excellent shielding of the processed informa-
tion. Together with the setup-independent nature of the
model [20], we expect our scheme to have important prac-
tical applications in any physical situation where sym-
metric PD noise is dominant [8, 22]. Conceptually, the
idea can be generalized to other forms of symmetric noise.
With a three-qubit encoding, one can achieve protection
from general multi-qubit noise [8, 20]. The resource over-
heads could be bypassed using additional degrees of free-
dom within the same physical information carrier [16].
The extension to more general environments of physical
systems will require the integration of DFS’s with other
information-protection techniques [3, 5].
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